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Introduction
The Ca 2ϩ -permeable nonselective cation channel Transient Receptor Potential Vanilloid 1 (TRPV1) is a key regulator of nociceptor responsiveness because of its polymodal activation profile by protons, heat, endovanilloids, and other proinflammatory lipid metabolites, such as eicosanoids (Tominaga et al., 1998) . These agents synergistically activate the channel, whereas a plethora of other components of the "inflammatory soup" act indirectly via second-messenger pathways to potentiate TRPV1 responses (Hucho and Levine, 2007) . The importance of this channel in inflammatory sensitization was demonstrated by decreased inflammation and thermal hyperalgesia in TRPV1 knock-out animals (Caterina et al., 2000) . Many of the proinflammatory mediators induce sensitization of TRPV1 through the activation of PLC. An important established element in this pathway is phosphorylation of the channel by protein kinase C (PKC), which is activated downstream of PLC and is an important mediator of increased nociceptor excitability (Cesare et al., 1999; Bhave et al., 2003) .
Paradoxically, robust and long-lasting local pharmacological activation of TRPV1 by saturating capsaicin concentrations leads to analgesia (Szolcsanyi, 2004) , which is thought to be mediated, at least in part, by the desensitization of TRPV1 itself (Koplas et al., 1997) . Such activation of TRPV1 results in massive Ca 2ϩ influx through the channel, which is the key factor inducing desensitization. Intriguingly, it has been demonstrated that Ca 2ϩ entry via TRPV1 also activates PLC (Lukacs et al., 2007; Yao and Qin, 2009 ). This prompts the question: how do these seemingly converging pathways result in such strikingly opposite outcomes in terms of their effect on TRPV1?
Hydrolysis of PI(4,5)P 2 by PLC leads to formation of inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG). The former releases Ca 2ϩ from internal stores; the latter activates PKC. PI(4,5)P 2 , in its own right, is also a general regulator of many different mammalian ion channels (Logothetis and Nilius, 2007; Suh and Hille, 2008; Gamper and Rohacs, 2012) , including TRP channels (Nilius et al., 2008; Rohacs, 2009 ). TRPV1 was originally proposed to be inhibited by PI(4,5)P 2 (Chuang et al., 2001) , but later studies showed that PI(4,5)P 2 chelating agents inhibit capsaicin-induced TRPV1 currents in excised patches while resupplying PI(4,5)P 2 or its precursor PI(4)P to the cytoplasmic leaflet of the patch membrane reactivates the channel (Stein et al., 2006; Lukacs et al., 2007; Klein et al., 2008) . Nevertheless, an inhibitory effect of PI(4,5)P 2 has also been suggested by several recent publications (Lukacs et al., 2007; Jeske et al., 2011; Cao et al., 2013) .
In the present work, we attempted to resolve these controversies by studying the changes in phosphoinositide levels during Ca 2ϩ influx through TRPV1 and GPCR activation and measuring TRPV1 activity in response to alterations in phosphoinositide levels. We show that Ca 2ϩ entry upon maximal pharmacological stimulation of TRPV1 results in robust PI(4)P and PI(4,5)P 2 breakdown via activation of PLC␦ isoforms and leads to TRPV1 inhibition. In contrast, bradykinin receptor activation leads to a selective PI(4,5)P 2 decrease, which synergizes with the sensitizing effect of phosphorylation by PKC. This leads to potentiation of TRPV1 currents, contributing to inflammatory TRPV1 sensitization.
Materials and Methods
Cell isolation and culture. All animal procedures were approved by the Institutional Animal Care and Use Committee. Dorsal root ganglion (DRG) neurons were isolated from 2-to 4-month-old wild-type C57BL6 or PLC␦4 Ϫ/Ϫ (Fukami et al., 2001 ) (C57BL6 background) mice as described previously (Yudin et al., 2011) with some modifications. DRG neurons were isolated from mice of either sex anesthetized and perfused via the left ventricle with ice-cold Hank's buffered salt solution (HBSS; Invitrogen). DRGs were harvested from all spinal segments after laminectomy and removal of the spinal column and maintained in ice-cold HBSS for the duration of the isolation. Isolated ganglia were cleaned from excess dorsal root nerve tissue and incubated in an HBSS-based enzyme solution containing 2 mg/ml type I collagenase (Worthington) and 5 mg/ml Dispase (Sigma) at 37°C for 25 min, followed by mechanical trituration by repetitive pipetting through an uncut 1000 l pipette tip. Digestive enzymes were then removed after centrifugation of the cells at 80 ϫ g for 10 min. Cells were then either directly resuspended in growth medium and seeded onto glass coverslips coated with a mixture of poly-D-lysine (Invitrogen) and laminin (Sigma) or were first transfected using the Amaxa nucleoporator according to manufacturer's instructions (Lonza Walkersville). Briefly, 60,000 -100,000 cells obtained from each animal were resuspended in 100 l nucleofector solution after complete removal of digestive enzymes. Cells were then mixed with 2 g of either YFP-Tubby R332H-pCDNA3.1 or Osh2-tandem-pH-pEGFP-C1, electroporated using the Nucleofector II apparatus and seeded as described above. The cDNA used for transfecting neurons was prepared using the Endo-Free Plasmid Maxi Kit from QIAGEN. Neurons were maintained in culture for 16 -24 h before measurements in DMEM (DMEM:F12) supplemented with 10% FBS (Thermo Scientific), 100 IU/ml penicillin and 100 g/ml streptomycin.
Human embryonic kidney 293 (HEK293) cells were obtained from the ATCC and were cultured in minimal essential medium (Invitrogen) containing supplements of 10% (v/v) Hyclone-characterized FBS (Thermo Scientific), 100 IU/ml penicillin, and 100 g/ml streptomycin. Transient transfection was performed at ϳ70% cell confluence with the Effectene reagent (QIAGEN) according to the manufacturer's protocol. Cells were incubated with the lipid-DNA complexes overnight (12-15 h). We then trypsinized and replated the cells onto poly-D-lysine-coated glass coverslips and incubated them for an additional 24 h (in the absence of the transfection reagent) before measurement. All mammalian cells were kept in a humidity-controlled tissue-culture incubator maintaining 5% CO 2 at 37°C. Before each experiment, cells were serum-deprived in 1.25 mM Ca 2ϩ -containing standard extracellular buffer for at least 15 min. Xenopus laevis oocytes were harvested and maintained identically to that described previously (Lukacs et al., 2007) .
Electrophysiology. Whole-cell patch-clamp recordings were performed at room temperature (22-24°C) as described previously (Yudin et al., 2011) . Patch pipettes were pulled from borosilicate glass capillaries (1.75 mm outer diameter, Sutter Instruments) on a P-97 pipette puller (Sutter Instrument) to a resistance of 4 -6 M⍀. After formation of gigaohmresistance seals, the whole-cell configuration was established and currents were measured at a holding potential of Ϫ60 mV using an Axopatch 200B amplifier (Molecular Devices). Currents were filtered at 2 kHz using the low-pass Bessel filter of the amplifier and digitized using a Digidata 1440 unit (Molecular Devices). In some experiments, membrane potential pulses of indicated lengths to 100 mV were applied to activate the voltage-sensitive phosphatase (Dr-VSP). Measurements were conducted in solutions based on nominally Ca 2ϩ -free (NCF) medium containing the following (in mM): 137 NaCl, 4 KCl, 1 MgCl 2 , 5 HEPES, 5 MES, 10 glucose, pH adjusted to 7.4 with NaOH. For measurements on DRG neurons, NCF was complemented with CaCl 2 to a final concentration of 1.25 mM. For experiments in HEK293 cells, 5 mM EGTA was added to the extracellular solution to prevent rapid current desensitization. Intracellular solutions for DRG measurements (NIC-DRG) consisted of the following (in mM): 130 K-Gluconate, 10 KCl, 2 MgCl 2 , 2 Na 2 ATP, 0.2 Na 2 GTP, 1.5 CaCl 2 , 2.5 EGTA, 10 HEPES, pH adjusted to 7.25 with KOH. Intracellular solutions for HEK293 whole-cell measurements were as follows. In experiments without coexpressed Kir2.1 channels, we used our standard intracellular (NIC) solution consisting of the following (in mM): 130 KCl, 10 KOH, 3 MgCl 2 , 2 Na 2 ATP, 0.2 Na 2 GTP, 0.2 CaCl 2 , 2.5 EGTA, 10 HEPES, pH adjusted to 7.25 with KOH. For measurements with coexpression of Kir2.1, cesium chloride-based intracellular solutions (Cs-IC) were used that consisted of the following (in mM): 130 CsCl, 10 CsOH, 3 MgCl 2 , 2 Na 2 ATP, 0.2 Na 2 GTP, 2.5 EGTA, 10 HEPES, pH adjusted to 7.25 with CsOH. The diC 8 -lipids or the PKC inhibitor peptide were dissolved in H 2 O; thus, their addition to the pipette solution decreased osmolarity ϳ4%. Therefore, in these measurements, control pipette solution osmolarity was adjusted with deionized water. The equivalent concentration of diC-8 PI(4,5)P 2 to that of endogenous PI(4,5)P 2 in the plasma membrane was reported to be ϳ23 M based on comparison of cell-attached and excised inside-out patchclamp measurements (Li et al., 2005) . To ensure that the lipids added to the pipette solution will approach this concentration inside the cell, given the small diameter of the tip of the pipette and potential metabolism of the lipid inside the cell, we used 100 M of the diC 8 phosphoinositides. Series resistance was not compensated for whole-cell measurements; measurements with access resistances 5-15 M⍀ were used for analysis.
Perforated patch-clamp measurements on DRG neurons were conducted using a pipette solution containing the following (in mM): 130 K-Gluconate, 10 KCl, 1 MgCl 2 , 10 HEPES, 0.1 Indo-1 potassium salt, 0.75 amphotericin B, pH adjusted to 7.35 with KOH. Series resistance compensation was used, and perforated patches yielding access resistances 3-10 M⍀ were used for analysis. Access resistances were checked before and after each capsaicin pulse. After each measurement, the distribution of the cell impermeable Indo-1 dye was recorded using the epifluorescence imaging system described below. Measurements where dialysis of the dye into the cell occurred (break-in by Amphotericin B resulting in a whole-cell setting) were discarded.
Extracellular recordings in the skin-nerve preparation. The mouse isolated skin-saphenous nerve preparation and the single-fiber recording technique (Zimmerman et al., 2009) were performed as previously described (Yudin et al., 2004) with some modifications. In brief, the skin of the lower part of the hindpaw of adult mice of either sex (weighing 20 -25 g, age 2-3 months) was dissected subcutaneously together with the attached saphenous nerve under ketamine-xylazine intraperitoneal anesthesia. The skin was pinned corium side up in an organ chamber and perfused (10 ml/min) with temperature-controlled (32°C) synthetic interstitial fluid, containing (in mM): 128 NaCl, 1.9 KCl, 1.2 KH 2 PO 4 , 0.69 MgSO 4 , 25 NaHCO 3 , 1.54 CaCl 2 , and 10 glucose, pH 7.4 Ϯ 0.1 carbogenated with O 2 -CO 2 mix of 95% and 5%, respectively. The saphenous nerve was drawn through a small hole into a separate recording chamber filled with mineral oil, desheathed, and small filaments of the nerve were split with sharp forceps and thin needles. Monopolar recordings from single afferent C-fibers were performed. Receptive fields of the single units were identified by mechanical stimulation of the corium side of the skin with a blunt glass probe. Conduction velocity of the individual unit was determined by applying electrical pulses to the receptive field via a tungsten needle electrode and was calculated from the delay of the individual action potential spikes and the distance between the stimulating and recording electrodes. A cutoff velocity of 1.2 m/s was used to identify C-fibers.
For chemical stimulation, a stock solution of capsaicin (10 mM) in 100% ethanol was diluted in 32°C synthetic interstitial fluid buffer just before application. Capsaicin was applied to the receptive field, which was isolated with a metal ring (5 mm ID, 200 -300 l internal volume) that was sealed to the corium side of the skin with a thin layer of vacuum grease. Only fibers with nonoverlapping receptive fields were used from the same skin preparation. We used a higher final capsaicin concentration (10 M) than in the patch-clamp experiments (1 M), as customary in these experiments, because the drug needs to penetrate tissue layers to reach the nerve terminals (Zimmermann et al., 2009) .
Action potentials were amplified (A-M System 1800) and filtered using the built in filters of the amplifier, 100 Hz for low and 10 kHz for high frequencies, and continuously recorded and processed on a computer using the DataWave software (Datawave Technologies). PLC␦4
Ϫ/Ϫ and wild-type littermate mice were recorded in random order, and the investigator was blinded to their genotype.
Fluorescence imaging. Ca 2ϩ imaging measurements were performed with an Olympus IX-51 inverted microscope equipped with a DeltaRAM excitation light source (Photon Technology International). DRG neurons were loaded with 1 M fura-2 AM (Invitrogen) or 1 M fura-2 FF (Teflabs) for 30 min before the measurement, and dual-excitation images at 340 and 380 nm were recorded with a Roper Cool-Snap digital CCD camera. Measurements were conducted in normal NCF solution supplemented with 1.25 mM CaCl 2 . Data analysis was performed using the Image Master software (PTI).
Confocal measurements were conducted with a Nikon A1R-A1 confocal laser microscope system. DRG neurons were transfected 16 -24 h before confocal measurements with the fluorescent reporter constructs. Confocal images were collected using the NIS-Elements imaging software and pseudo-colored at the point of image analysis (yellow for YFPTubby and green for GFP-Osh2). Membrane to cytoplasm fluorescence ratios were calculated by selection of identically sized plasma membrane and cytosolic regions on confocal images using ImageJ (http://rsbweb. nih.gov/ij/). Alternatively, line graphs at the level of processes were generated showing arbitrary fluorescence values along the lines indicated.
Reverse-transcription and quantitative PCR. Total RNA from mouse DRG was isolated using the RNA-easy kit (QIAGEN) according to the manufacturer's instructions. Reverse transcription of mRNA was achieved using the Superscript III enzyme with Oligo dT 20 primers (Invitrogen) according to instructions. Control reactions for genomic contamination contained no Superscript III enzyme.
Quantitative PCRs were run with an MX-3000 thermal cycler (Stratagene) using the SYBR Green-based Brilliant QPCR mix (Stratagene). Oligonucleotide primers for the highly calcium-sensitive PLC isoforms and the housekeeping gene ubiquitin were designed using primer 3 (http://frodo.wi.mit.edu/) and calibrated for efficiency using a serial dilution of cDNA transcribed from mouse brain mRNA. Only primers yielding a reaction efficiency close to 100% in our external calibrations were used for analysis of PLC expression patterns. The primer sequences were as follows (5Ј-3Ј): mUbiquitin (forward: GCCCAGT-GTTACCACCAAGAAG; reverse: GCTCTTTTTAGATACTGTGGTG AGGAA); mPLC␦1 (forward: ATGTTTACCTTGGCTGCTTC; reverse: GAGATGATCCAGACTCTGAGC); mPLC␦3 (forward: AAC-TATAACCCCCAGGAGATG; reverse: AGGTAAGCAGGTTTGAGGAC); mPLC␦4 (forward: AATTCCTGAGAGATACCCAGAG; reverse: TCTTCAGGAACACCATAGAGC); mPLC1 (forward: TGAAAGTG-GAACAAAAGATGAG; reverse: CGTGAAGCCTTCTATACCAA); and mPLC2 (forward: GAGGAGACACTGGTGTTCAC; reverse: AATGT-CACTGACAGCCACAT).
Materials. DiC 8 phosphoinositides were purchased from Cayman. Capsaicin, resiniferatoxin, rapamycin, bradykinin, and PKC inhibitor 19 -31 amide were purchased from Sigma; 1-oleoyl-2-acetlydiacylglycerol (OAG) was purchased from Axxora. Stock solutions (1000ϫ concentration) for rapamycin were prepared in DMSO. Capsaicin, resiniferatoxin, and OAG stock were prepared in ethanol (1000ϫ concentration or higher). PKC inhibitor 19 -31 amide stock was prepared in deionized water, and bradykinin was dissolved in an aqueous 5% acetate solution.
Data analysis. Data are presented as mean Ϯ SEM. Normality test was performed on all datasets using the Shapiro-Wilk test. Normally distributed data were analyzed for statistically significant differences using twosample Student's t test or ANOVA, where applicable. Statistical analysis of data not showing normal distribution was done using the MannWhitney U test (as indicated in Fig. 6 ).
Results

Ca
2؉ influx via TRPV1 channels depletes both PI(4)P and PI(4,5)P 2 and leads to desensitization We expressed fluorescently labeled probes that bind different phosphoinositides and monitored their translocation using confocal microscopy in isolated DRG neurons. To track PI(4,5)P 2 changes in the plasma membrane, we used the YFP-tagged phosphoinositide binding domain of the Tubby protein containing the R322H mutation that decreases its affinity for PI(4,5)P 2 , thus increasing its sensitivity and dynamic range (Quinn et al., 2008) .
In separate experiments, we used the GFP-tagged tandem pleckstrin homology domain (PH domain) of the yeast Osh2 protein to monitor PI(4)P levels in the plasma membrane . Isolated neurons transfected with either of these constructs showed prominent plasma membrane labeling. Importantly, after 12 h in culture, DRG neurons extended a rich network of neurites. This allowed for analysis of phosphoinositide changes in the physiologically relevant context of processes and their visible end bulbs or varicosities. TRPV1 opening in the presence of 1.25 mM extracellular Ca 2ϩ induced robust translocation of both fluorescent probes from the plasma membrane to the cytoplasm in the cell body ( Fig. 1 A, C) as well as the neuronal processes (Fig. 1B) . This translocation, when induced by a saturating capsaicin concentration (1 M), occurred rapidly (within ϳ30 -50 s), whereas the ultra-potent agonist resiniferatoxin, a compound shown to activate TRPV1 with much slower kinetics (Raisinghani et al., 2005) , induced similar translocation of both probes on a slower time scale (Fig. 1D) .
We next asked whether Ca 2ϩ influx was necessary for the depletion of phosphoinositides in DRG neurons. We therefore conducted experiments in the absence of extracellular Ca 2ϩ . As seen in Figure 2 , A and B, 1 M capsaicin still induced a slight but statistically significant translocation of the Tubby domain to the cytoplasm when we chelated extracellular Ca 2ϩ to zero. Importantly, readdition of Ca 2ϩ to a final concentration of 1.25 mM resulted in a robust translocation similar to that in Figure 1 . We have obtained similar results earlier with menthol and TRPM8 using a fluorescence resonance energy transfer-based approach, monitoring PI(4,5)P 2 with the CFP and YFP tagged PH domains of PLC␦4 (Yudin et al., 2011) .
Because TRPV1 activation also leads to depolarization, we tested whether Ca 2ϩ entry via voltage-gated Ca 2ϩ channels induced the phosphoinositide changes we observed. We used 30 mM extracellular KCl to mimic prolonged depolarization by TRPV1. KCl induced a translocation of both the Osh2 and Tubby domains (Fig. 2C ,D) smaller in magnitude than that induced by capsaicin. In addition, 1 M capsaicin applied in the presence of KCl still induced a large additional translocation (Fig. 2C,D) .
To determine whether the larger effect of capsaicin on lipid levels was the result of differences in cytoplasmic Ca 2ϩ , we com-pared the KCl-and capsaicin-induced Ca 2ϩ signals in DRG neurons. Using fura-2 as a Ca 2ϩ indicator, we found that the increases of fluorescence ratio induced by 30 mM KCl and 1 M capsaicin were comparable (Fig. 2E ,G). Fura-2, however, has a high affinity for Ca 2ϩ (K d ϳ100 -200 nM); thus, it is not a sensitive indicator at very high Ca 2ϩ levels. We therefore tested the Ca 2ϩ signals evoked by these two stimuli using a low-affinity Ca 2ϩ indicator fura-2 FF (K d ϳ 15-25 M). In cells loaded with fura-2 FF, capsaicin induced a much larger increase in fluorescence ratio than in cells stimulated with 30 mM KCl (Fig. 2F,G) . These results show that capsaicin induces a larger increase in cytoplasmic Ca 2ϩ than KClinduced depolarization, which may account for the larger effect of capsaicin on phosphoinositide depletion.
To test the role of the concomitant decrease of PI(4)P and PI(4,5)P 2 in the regulation of TRPV1, we performed whole-cell voltage-clamp experiments on DRG neurons and supplemented the patch pipette solution with the water-soluble diC 8 -PI(4)P or diC 8 -PI(4,5)P 2 . We used a protocol of consecutive 1 min applications of 1 M capsaicin 5 min apart. We used this protocol to assess acute desensitization (the decrease of current amplitude in the continued presence of the stimulus) as well as tachyphylaxis (the decrease in peak amplitudes of consecutive applications), consistent with previous studies (Liu et al., 2005; Lukacs et al., 2007) . Figure 3A -C shows that intracellular dialysis of either lipid significantly impaired both acute desensitization and tachyphylaxis of TRPV1 currents. This is consistent with earlier findings Images were taken at 8 s intervals; data points represent mean Ϯ SEM of normalized membrane to cytoplasm fluorescence ratios at the cell body (n ϭ 4 or 5 neurons per group). D, Time course of membrane to cytoplasm ratio changes for Tubby and Osh2 in response to 1 nM resiniferatoxin (RTX) conducted identically to that described in C. Slow translocation of the fluorescent probes in a subset of neurons (RTX positive) is appreciable compared with neurons that displayed no response to RTX (RTX negative). Data points represent mean Ϯ SEM of n ϭ 4 -6 neurons per group. All measurements were conducted in standard NCF solution supplemented with 1.25 mM CaCl 2 (see Materials and Methods).
that both PI(4,5)P 2 and PI(4)P can maintain TRPV1 activity in excised patches (Lukacs et al., 2007) .
Among the classical PLC isoforms, PLC␦s are the most Ca 2ϩ -sensitive, and they were shown to be activated by increased cytoplasmic Ca 2ϩ alone (Rebecchi and Pentyala, 2000) . Among the newer PLC isoforms, PLCs are also quite Ca 2ϩ -sensitive (Cockcroft, 2006) . We tested the expression levels of PLC␦ and PLC isoforms in murine DRG with qRT-PCR. Figure 3H shows that PLC␦4 mRNA is dominant among these isoforms.
We therefore measured TRPV1 desensitization in PLC␦4 Ϫ/Ϫ animals using the perforated patch technique (Fig. 3D-F ) , which allows measurement of current desensitization without disruption of cytosolic contents. By the end of the first 1 min application of capsaicin, the currents in the PLC␦4 Ϫ/Ϫ neurons were significantly larger than in control, consistent with reduced acute desensitization. In the beginning of the second application of capsaicin, there was a nonsignificant trend to have larger currents in the PLC␦4 knock-out cells; this difference became significant by the end of the second application ( Fig. 3D-F ) .
We also compared capsaicin-induced nerve impulses in wildtype and PLC␦4 Ϫ/Ϫ animals using extracellular recordings from single C-fibers in the skin-nerve preparation (Fig. 3G) . We measured nerve activity in response to two consecutive 4 min applications of 10 M capsaicin, separated by a 30 min wash period. In Ca 2ϩ in the extracellular medium was initially chelated by adding 0.5 mM EGTA to the standard NCF solution, Ca 2ϩ was then elevated to a 1.25 mM final concentration in the presence of 1 M capsaicin (n ϭ 5 or 6 neurons per group), *p Ͻ 0.05. ***p Ͻ 0.005. C, Representative images at time points indicated in D of neurons expressing either YFP-Tubby (top) or GFP-Osh2 (bottom) probes. Neurons were first depolarized with an isotonic solution containing 25 or 30 mM KCl and subsequently exposed to 1 M capsaicin (Caps). Results from 25 and 30 mM KCl treatment were similar and were thus pooled for representation. Chelating extracellular Ca 2ϩ with 3 mM EGTA induced partial relocalization of both probes to the plasma membrane. Data points represent mean Ϯ SEM of normalized fluorescence ratios of 7-10 TRPV1-positive cells. E, Representative mean Ϯ SEM normalized fluorescence ratios (340 nm/380 nm) from DRG neurons loaded with the ratiometric Ca 2ϩ indicator fura-2 stimulated with either 30 mM KCl or 1 M capsaicin (one coverslip each). F, Representative fluorescence ratio changes (340 nm/380 nm) from DRG neurons loaded with the low-affinity ratiometric Ca 2ϩ indicator fura-2 FF. Experiments were conducted similarly to E; representative traces show measurements from one coverslip each. G, Bar graph represents statistics of n ϭ 17 or 18 capsaicin-positive cells from 3 coverslips in each group for fura-2 FF and n ϭ 39 -43 cells from 3 or 4 coverslips in each group for fura-2. Peak ratio changes are displayed as mean Ϯ SEM. **p Ͻ 0.01. both groups, capsaicin induced a robust nerve discharge that decreased over time despite the continuous presence of capsaicin. Capsaicin-induced nerve activity was significantly higher in the PLC␦4 Ϫ/Ϫ animals than in wild-type in the first 20 s bin and substantially higher in the second 20 s bin, but the difference did not reach statistical significance. No significant difference was observed in the next 3 min. The second application of capsaicin induced a much smaller effect on nerve activity, consistent with Before each measurement, a waiting period of 2-3 min was used in the whole-cell setting to allow for diffusion of the pipette solutions, which were based on NIC-DRG (see Materials and Methods) and supplemented as follows: control, no lipid supplement(A), 100 MdiC 8 -PI(4,5)P 2 (B), and 100 MdiC 8 -PI(4)P (representative trace not shown). C, Statistical analysis of n ϭ 6 -8 neurons in each group (control, diC 8--PI(4,5)P 2 and DiC 8 -PI(4)P, respectively) displayed as mean Ϯ SEM. Current values were normalized to the peak of the first current response and measured subsequently at the peak and end of each capsaicin pulse. There were no statistically significant differences in the raw current densities between the three groups (ANOVA: 124 Ϯ 26 pA/pF for control, 94 Ϯ 29 pA/pF for PI(4,5)P 2 , and 81 Ϯ 30 pA/pF for PI(4)P groups, respectively). *p Ͻ 0.05. D-F, Perforated patch-clamp experiments on DRG neurons. Representative traces of PLC␦4 Ϫ/Ϫ (E) and wild-type littermate controls (D). To ensure fidelity of the measurements of large currents evoked by 1 M capsaicin recordings were interrupted between stimulus pulses to check for stability of low access resistance of the perforated patch (see Materials and Methods). F, Statistical analysis of current amplitudes normalized to the first peak. Bars represent mean Ϯ SEM of n ϭ 15 PLC␦4 Ϫ/Ϫ and n ϭ 22 wild-type control measurements. There was no significant difference between the raw current densities recorded from neurons of knock-out and control animals. **p Ͻ 0.01. ***pϽ0.005.G,Extracellularsingle-fiberrecordingsintheskin-nervepreparationwereperformedasdescribedinMaterialsandMethods.Aftera2mincontrolrecording,thereceptivefieldwasstimulatedfor 4 min with 10 M capsaicin, followed by a 30 min wash period, then a second 4 min application of 10 M capsaicin. Nerve impulses were divided into 20 s bins and plotted; n ϭ 29 for PLC␦4 Ϫ/Ϫ and n ϭ 32 forwild-typelittermates.H,Real-timePCRanalysisofhighlycalcium-sensitivePLCisoformexpressionincrudeDRGmRNAextractsofwild-typeorPLC␦4KOmice.BarsrepresentmeanϮSEMofrelativemRNA quantities, calculated from five separate isolations (control) or two separate isolations (KO) as normalized to ubiquitin-a mRNA levels.
desensitization. There was no significant difference between wild-type and PLC␦4 Ϫ/Ϫ animals during the second application, even though there was a slight trend to have higher activity in the knock-out animals in the later phase. Overall, the higher capsaicin-induced nerve activity in the PLC␦4 Ϫ/Ϫ animals at the beginning of the first application of capsaicin is broadly consistent with our model, considering that, in patch-clamp experiments, the most robust difference was observed during the first 1 min application of capsaicin. The temporal correlation between the two assays was not perfect, but we have to keep in mind that nerve activity is a lot more complex phenomenon than currents measured in patch-clamp experiments.
Consistent with the relatively moderate phenotype of the genetic deletion of PLC␦4, there was a slight trend to upregulate PLC␦1 and PLC␦3 on the mRNA level in the knock-out animals (Fig. 3H ) . We also measured capsaicin-induced translocation of the tubby PI(4,5)P 2 probe in DRG neurons isolated from PLC␦4 Ϫ/Ϫ animals. The YFP-tubby probe completely disappeared from the plasma membrane, similar to wild-type neurons (data not shown). This indicates that other PLC isoforms are still capable of significant PI(4,5)P 2 depletion, and it is likely that the capability to detect a difference from wild-type is outside the dynamic range of this assay. The affinity of TRPV1 for PI(4,5)P 2 , however, is very high (Lukacs et al., 2007; Klein et al., 2008) ; thus, at low PI(4,5)P 2 levels, even small differences in the concentration of the lipid can affect channel activity.
Bradykinin induces a selective decrease of PI(4,5)P 2 levels contributing to TRPV1 sensitization Bradykinin is a key inflammatory mediator that has been shown to sensitize TRPV1 through B 2 receptors, which couple to PLC activation (Cesare et al., 1999; Chuang et al., 2001) . Figure 4 shows that bradykinin induced a moderate decrease in plasma membrane PI(4,5)P 2 levels as reported by the fluorescent Tubby domain (Fig. 4B) . The localization of the PI(4)P indicator Osh2, on the other hand, was altered only transiently, returning to baseline within the first minute of receptor activation and remaining unchanged despite the continued presence of bradykinin for several minutes (Fig. 4B ). This represents a clear difference in phosphoinositide handling between bradykinin receptor-mediated PLC activation and that induced by Ca 2ϩ influx through TRPV1 shown in Figures 1 and 2 .
When interpreting these data, one important point needs to be considered. Even though the Osh2 tandem-PH domain remains the best available tool to date for detection of PI(4)P levels, it has been shown that it also binds PI(4,5)P 2 in vitro (Roy and Levine, 2004) . It was clearly shown, however, that isolated complete PI(4,5)P 2 depletion does not lead to its translocation to the cytoplasm, whereas combined decrease in PI(4)P and PI(4,5)P 2 does Hammond et al., 2012) . Thus, this probe may also be considered a combined PI(4)P and PI(4,5)P 2 sensor. The combined use of the Osh2 probe with the specific PI(4,5)P 2 probe tubby grants the capability to make inferences as to the changes in PI(4)P levels. Treatment of DRG neurons with capsaicin induced an essentially complete translocation of both the tubby and the Osh2 PH domains, indicating a robust decrease of both PI(4)P and PI(4,5)P 2 levels (Figs. 1, 2, and 4). Bradykinin treatment, on the other hand, induced translocation of the PI(4,5)P 2 sensor tubby domain and no movement of the Osh2 probe (Fig. 4) . We interpret this as no, or negligible, change in PI(4)P levels in response to bradykinin. Because PI(4,5)P 2 levels clearly decrease in response to bradykinin, if there was a significant change in PI(4)P levels, the Osh2 probe would be expected to translocate as well. Our finding, that upon KCl treatment a similar, moderate translocation of the tubby probe was indeed accompanied by a parallel translocation of the Osh2 probe (Fig. 2) , gives support to this idea. Our data show that capsaicin treatment results in a robust decrease in both PI(4,5)P 2 and PI(4)P levels in isolated sensory neurons, whereas GPCR activation by bradykinin causes a moderate reduction in PI(4,5)P 2 abundance and no, or negligible, long-lasting change in PI(4)P levels.
We next asked whether selective reduction in PI(4,5)P 2 levels is involved in TRPV1 sensitization by bradykinin based on the inhibitory effect of PI(4,5)P 2 (Chuang et al., 2001; Lukacs et al., 2007; Cao et al., 2013) . Figure 5 shows that dialysis of diC 8 -PI(4,5)P 2 through the patch pipette strongly decreased bradykinin-induced sensitization of native TRPV1 currents in DRG neurons (Fig. 5 B, D) , whereas diC 8 -PI(4)P at identical concentrations had no effect (Fig. 5C,D) .
In 5 of 32 DRG neurons, bradykinin also induced an inward current (Fig. 5C ). It was reported previously that bradykinin induces a Ca 2ϩ -induced Cl Ϫ current in these cells, which is mediated by the TMEM16A ion channel (Liu et al., 2010) . These measurements were performed using a low intracellular Cl Ϫ solution (see Materials and Methods), with the calculated Cl Ϫ equilibrium potential close to the Ϫ60 mV holding, which argues against the current being the Ca 2ϩ -activated Cl Ϫ current. The actual equilibrium potential of Cl Ϫ in our whole-cell experiments is difficult to predict, however, because of the cell's own exchange mechanisms and the likely variable intracellular exchange between the pipette and the cell. Thus, it cannot be excluded that this current corresponds to Ca 2ϩ -activated Cl Ϫ channels. These measurements were performed in the presence of 1.25 mM extracellular Ca 2ϩ , whereas intracellular Ca 2ϩ was buffered weakly to 100 nM (see Materials and Methods). We used these physiologically relevant conditions to increase external validity of our findings because sensitization is usually tested in Ca 2ϩ -free conditions to prevent concurrent desensitization. This result was also reproducible under the commonly used high intracellular and extracellular calcium buffering in HEK293 cells coexpressing TRPV1 and the bradykinin B2 receptor. Potentiation of responses to either moderately low pH (Fig. 6A-D) or submaximal capsaicin stimuli (Fig. 6D) were similarly strongly inhibited by PI(4,5)P 2 dialysis. In addition to PI(4,5)P 2 , the highly PKC specific pseudo-substrate inhibitor 19 -31 amide also impaired TRPV1 sensitization (Fig. 6C,D) , confirming the well-established role of PKC in this phenomenon.
A decrease in both PI(4)P and PI(4,5)P 2, but not PI(4,5)P 2 alone, inhibits TRPV1 Our data so far suggest that differential changes in phosphoinositides are involved in opposite TRPV1 regulation during capsaicin-induced channel desensitization and proinflammatory channel sensitization. To further establish this point, we attempted to experimentally recapitulate the changes in phosphoinositide levels we observed in the two different conditions independently of PLC activation to determine whether they would mimic the changes in TRPV1 sensitivity. Capsaicininduced and low pH-evoked TRPV1 currents generally behaved similarly in our hands in terms of channel sensitization; we therefore used the more physiological extracellular acidification in the following experiments in HEK293 cells. Unlike neurons, the endogenous acid-evoked currents in these cells were negligible compared with TRPV1-mediated responses (data not shown).
We used the zebrafish voltage-sensitive phosphoinositide phosphatase (Dr-VSP) in whole-cell voltage-clamp measurements in HEK293 cells to induce selective conversion of PI(4,5)P 2 to PI(4)P (Hossain et al., 2008) . Depolarization activates this phosphatase, which induces dephosphorylation of PI(4,5)P 2 at the 5Ј position, resulting in PI(4)P production (Murata et al., Suh et al., 2010) . We found that Dr-VSP activation had no effect on TRPV1 currents (Fig. 7 A, C) despite the fact that a robust decrease in PI(4,5)P 2 levels was evidenced in these cells by complete inhibition of Kir2.1 (Fig. 7 A, D) , a channel well known to display high selectivity and high apparent affinity for PI(4,5)P 2 (Rohacs et al., 1999; Du et al., 2004) . Given the high apparent affinity of Kir2.1 for PI(4,5)P 2 , its inhibition requires a substantial decrease in PI(4,5)P 2 levels (Du et al., 2004) . The phosphatase-inactive negative control mutant Dr-VSP had no effect on either channel (Fig. 7B-D) . The lack of inhibition of TRPV1 by selective conversion of PI(4,5)P 2 to PI(4)P argues in favor of the ability of PI(4)P to support channel activity.
It is also possible that D-VSP had no access to the plasma membrane pool of PI(4,5)P 2 associated with TRPV1. This is not very likely, however, because a large number of wellcharacterized PI(4,5)P 2 dependent ion channels have been shown to be robustly inhibited by this enzyme or its relative C-VSP upon depolarization (Hossain et al., 2008; Suh et al., 2010; Yudin et al., 2011) . Similar to D-VSP, we could not detect any inhibition of TRPV1 currents using C-VSP (data not shown).
We then attempted to simultaneously deplete both lipids, similarly to that seen during treatment with high concentrations of capsaicin. We achieved this by the recently described rapamycin-inducible rapid dephosphorylation system Pseudojanin, a fusion protein that contains both the 4Ј-phosphatase domain of the protein Sac1 and a constitutively active 5Ј-phosphatase (Hammond et al., 2012) . Rapamycin application induces translocation of the phosphatase to the plasma membrane resulting in depletion of both PI(4)P and PI(4,5)P 2 . As Figure 5 . Intracellular dialysis of PI(4,5)P 2 , but not PI(4)P, inhibits sensitization of capsaicininduced currents by bradykinin in DRG neurons. A-C, Whole-cell current recordings from isolated DRG neurons clamped at Ϫ60 mV in standard NCF solution supplemented with 1.25 mM Ca 2ϩ , demonstrating the effect of dialysis of intracellular solutions based on NIC-DRG and supplemented as follows: A, Control, no supplement (n ϭ 12); B, 100 M diC 8 -PI(4,5)P 2 (n ϭ 10); C, 100 M diC 8 -PI(4)P (n ϭ 10). D, Summary represented as mean Ϯ SEM of fold increase in current as calculated by the ratio of 100 nM capsaicin responses immediately before and after the 1 min application of bradykinin. *p Ͻ 0.05, **p Ͻ 0.01. Statistical analysis was performed with the Student's t test. There were no statistically significant differences between raw current densities in the three groups. 14) ; B, 100 M diC 8 -PI(4,5)P 2 (n ϭ 15); C,2M 19 -31 amide PKC inhibitor peptide (n ϭ 11). D, Summary of results obtained by stimulation of TRPV1 with low extracellular pH (left) or 20 nM capsaicin (right; n ϭ 11 control and n ϭ 8 PI(4,5)P 2 ). Sensitization was calculated as the ratio of current amplitudes evoked by low pH or capsaicin pulses immediately before and after bradykinin application. Bars represent mean Ϯ SEM for each group. *p Ͻ 0.05 (Mann-Whitney U test). There were no statistically significant differences in initial raw current amplitudes between the various groups.
shown in Figure 8B , D (also see pH 6 response magnified in Fig.  8C ), TRPV1 activity in response to both submaximal and maximal stimuli was significantly inhibited by application of rapamycin. Rapamycin induced no change in TRPV1 currents at either stimulation levels in the negative control group with an inactive phosphatase (Fig. 8 A, C,D) .
As a complementary approach, we tested the effect of inhibition of PI4-kinases in oocytes with a high (35 M) concentration of wortmannin, often used to reduce PI(4,5)P 2 levels to study PI(4,5)P 2 -sensitive ion channels (Zhang et al., 2003; Rohacs et al., 2005) . At this concentration, this compound inhibits type III PI4-kinases as well as PI3-kinases ; however, because of the minimal resting activity of the latter, the expected effect of this treatment is predominantly via inhibition of PI4-kinases. As a negative control, we used 35 nM of the drug where it specifically inhibits PI3-kinases. Because PI4K-kinases catalyze the formation of PI(4)P, a reduction in PI(4,5)P 2 levels is only possible if PI(4)P is also decreased. PI(4)P levels have indeed been shown to decrease in response to micromolar wortmannin treatment (Korzeniowski et al., 2009 ). We pretreated Xenopus oocytes expressing TRPV1 with this drug for 90 min and assessed TRPV1 responses to various stimulus intensities, comparing them with vehicle-treated controls. Figure 8E shows that pretreatment with 35 M wortmannin inhibited TRPV1 responses, whereas 35 nM had no effect. The inhibitory effect was more prevalent at submaximal pH stimuli, which is probably the result of the increased apparent affinity of TRPV1 for phosphoinositides at higher agonist concentrations, as demonstrated previously (Lukacs et al.,  2007) . Reduction of phosphoinositides by wortmannin pretreatment has been shown to result in only small or no inhibition of PI(4,5)P 2 -dependent channels with a higher apparent affinity for the lipid (Zhang et al., 2003; Rohacs et al., 2005) .
Selective decrease in PI(4,5)P 2 levels potentiates TRPV1 through PKC PLC-coupled GPCR activation results in PKC activation as well as a selective decrease in PI(4,5)P 2 levels. We therefore examined whether selective decrease in PI(4,5)P 2 levels is able to enhance the sensitizing effect of PKC activation. We used HEK293 cells coexpressing TRPV1, Kir2.1, and either the active or an inactive Dr-VSP (Hossain et al., 2008) . In whole-cell voltage-clamp experiments, we first recorded control TRPV1 responses to submaximal pH stimuli and then depolarized the cells inducing maximal inhibition of Kir2.1. We then applied the PKC activator OAG at a subthreshold concentration and measured TRPV1 responses (Fig. 9) . OAG at 1 M had no significant potentiating Figure 7 . Selective conversion of PI(4,5)P 2 to PI(4)P has no effect on TRPV1 currents. A, B, Representative whole-cell voltage-clamp traces from HEK293 cells transiently cotransfected with TRPV1, Kir2.1, and either the wild-type (wt) or the catalytically inactive voltage-sensitive phosphatase from zebrafish (Dr-VSP). Standard NCF solution was supplemented with 5 mM EGTA to prevent desensitization of the channel. Intracellular solution was Cs-IC (see Materials and Methods). TRPV1 currents were activated by low pH, whereas inward potassium currents through Kir2.1 were initiated by elevating the extracellular potassium concentration to 100 mM (high K ϩ , osmolarity maintained) while maintaining a holding potential of Ϫ60 mV. Successive depolarizing steps of 0.3, 1, and 3 s to ϩ100 mV were used to activate the VSP. This was repeated both while measuring TRPV1 and Kir2.1 currents. C, D, Summary statistics of the effect of VSP activation on TRPV1 (C) and Kir2.1 (D) currents. Statistics shown represent n ϭ 6 cells in the VSP-inactive group and n ϭ 11 in the VSP-wt group. Data are mean Ϯ SEM are shown. Figure 8 . Simultaneous PI(4)P and PI(4,5)P 2 decrease inhibits TRPV1. HEK293 cells coexpressing TRPV1 and either the rapamycin-inducible dual 4Ј and 5Ј phosphatase system Pseudojanin (PJ) or its catalytically inactive negative control pair (PJ-inactive) were voltage-clamped in the whole-cell configuration in standard NCF containing 5 mM EGTA added to prevent Ca 2ϩ -induced desensitization. Intracellular solution was NIC. A, B, Representative traces of inward TRPV1 currents at Ϫ60 mV demonstrating the protocol applied. C, Magnification of the pH 6.0 responses from the representative traces from A and B. D, Summary (mean Ϯ SEM) of the effect of selective decrease of both PI(4)P and PI(4,5)P 2 1 min after the start of 500 nM rapamycin perfusion. Fold changes were normalized to stable current values observed immediately before rapamycin application (n ϭ 6 or 7). *p Ͻ 0.05, ***p Ͻ 0.005. E, Two-electrode voltage-clamp recording from Xenopus laevis oocytes heterologously expressing TRPV1 channels (see Materials and Methods). The effect of a 90 min pretreatment with either 35 M or 35 nM wortmannin on current responses to the indicated pH challenges are shown normalized to the average values observed in the control (DMSO-treated) group. Data are plotted as mean Ϯ SEM of n ϭ 21 in the control group and 26 in both the 35 M and 35 nM wortmannin-treated groups. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.005. effect on TRPV1 in cells expressing the phosphatase-inactive construct within a 3 min application period (Fig. 9A) . However, after PI(4,5)P 2 hydrolysis by the active Dr-VSP, a strong sensitizing effect of OAG was observed (Fig. 9B) . The PKC inhibitor 19 -31 amide in the patch pipette solution almost completely abolished TRPV1 sensitization by 1 M OAG (Fig. 9C) .
We also tested whether we can detect the synergistic effect of PI(4,5)P 2 depletion and PKC activation at higher concentrations of the PKC activator. As seen in Figure 9D , 10 M OAG was sufficient to induce potentiation of TRPV1, even in the cells expressing the phosphatase-inactive mutant. As before, depleting PI(4,5)P 2 by activating Dr-VSP amplified this potentiation. These results show cooperativity between PI(4,5)P 2 hydrolysis and PKC activation, but the requirement for PI(4,5)P 2 hydrolysis can be overcome by increasing the concentration of the PKC activator.
PI(4,5)P 2 was recently proposed to mediate indirect TRPV1 inhibition by preventing AKAP79/150-mediated PKA scaffolding to the channel (Jeske et al., 2011) . We therefore tested whether TRPV1 sensitization by PKA could be potentiated by PI(4,5)P 2 depletion. The cell-permeable cAMP analog 8-BrcAMP at a concentration of 20 M elicited, on average, a 1.57 Ϯ 0.315-fold sensitization of TRPV1 after 3 min (Fig. 9E) . PI(4,5)P 2 depletion by Dr-VSP did not synergize with PKA activation, resulting in a 1.504 Ϯ 0.309-fold sensitization in this group while completely inhibiting Kir2.1 currents (Fig. 9F ) .
In conclusion, we propose a model in which differential regulation of PI(4,5)P 2 and PI(4)P levels by different PLC isoforms determines regulation of TRPV1 during sensitization and desensitization (Fig. 10) .
Discussion
Capsaicin-induced desensitization and the dependence of TRPV1 activity on phosphoinositides It has been known for decades that high concentrations of capsaicin reduce nerve responsiveness after an initial activation (Knotkova et al., 2008) . Similarly, capsaicin-induced TRPV1 currents decline over time in the presence of extracellular Ca 2ϩ (Caterina et al., 1997; Koplas et al., 1997) . Based on the work of several laboratories with heterologously expressed TRPV1, it is an emerging view that depletion of PI(4,5)P 2 plays an important role in this phenomenon (Liu et al., 2005; Lishko et al., 2007; Lukacs et al., 2007; Gordon-Shaag et al., 2008; Yao and Qin, 2009) .
Both PI(4,5)P 2 and its precursor PI(4)P can support TRPV1 in excised patches (Lukacs et al., 2007; Klein et al., 2008) . To clarify the role of how much PI(4,5)P 2 and PI(4)P contributes to maintaining channel activity in intact cells, here we used a voltage-sensitive phosphatase that converts PI(4,5)P 2 to PI(4)P. Depolarizing pulses did not inhibit TRPV1 activity in cells expressing the phosphatase while strongly inhibiting Kir2.1 channels, activity of which depends specifically on PI(4,5)P 2 (Rohacs et al., 1999) . These data are in agreement with our previous result showing that a rapamycin-inducible 5-phosphatase did not inhibit capsaicin-induced TRPV1 currents (Lukacs et al., 2007) . On the other hand, we found that the rapamycin-inducible combined 5Ј and 4Ј phosphatase pseudojanin, which depletes both PI(4,5)P 2 and PI(4)P, inhibited TRPV1 currents. Our observations support the conclusion of a recent study where significant inhibition of TRPV1 was observed upon the combined dephosphorylation of PI(4,5)P 2 at the 4Ј and 5Ј position, but neither the removal of the 4Ј nor 5Ј phosphate alone inhibited the channel (Hammond et al., 2012) . These data show that, in intact cells, TRPV1 requires either PI(4)P or PI(4,5)P 2 for activity.
It should be noted that, in other studies, a similar, yet not identical, rapamycin-inducible 5-phosphatase inhibited TRPV1 (Klein et al., 2008; Yao and Qin, 2009) . The reason for this discrepancy is unclear but could be the result of various reasons, including differences in the phosphatases used, which may warrant further investigations into the specificity of these molecular constructs.
We found that capsaicin induced a robust decrease in the plasma membrane levels of both PI(4,5)P 2 and PI(4)P in isolated Figure 9 . Selective conversion of PI(4,5)P 2 to PI(4)P synergizes with PKC-mediated, but not with PKA-mediated, phosphorylation to sensitize TRPV1. A-C, Representative whole-cell current traces in HEK293 cells at Ϫ60 mV coexpressing TRPV1, Kir2.1, and either a catalytically active (wt) or inactive Dr-VSP. Currents were measured in standard NCF solution supplemented with 5 mM EGTA to prevent Ca 2ϩ -induced desensitization. After establishment of baseline TRPV1 currents, successive 3 s depolarizing pulses to ϩ100 mV were applied to elicit maximal conversion of PI(4,5)P 2 to PI(4)P. This was performed in the presence of 100 mM extracellular K ϩ (High K ϩ ) to assess the effect of PI(4,5)P 2 depletion on Kir2.1 channels. Then, after a final control pH 6.0 pulse, the PKC activator OAG was applied at either 1 or 10 M concentration, and the effects were assessed on pH 6.0-elicited TRPV1 responses. The intracellular solutions were based on Cs-IC (see Materials and Methods) and complemented as follows: A, B, no addition; C, 19 -31 amide PKC inhibitor peptide (2 M). D, Summary of findings as represented by mean Ϯ SEM of 5 or 6 traces in each group. Fold potentiation was calculated by dividing the amplitude of the second low pH pulse after OAG with that preceding the application of OAG. This value was 0.965 Ϯ 0.12 for the inactive VSP with 1 M OAG. *p Ͻ 0.05 (Student's t test). E, F, Representative whole-cell current traces in HEK293 cells at Ϫ60 mV coexpressing TRPV1, Kir2.1, and either the wild-type or inactive Dr-VSP. PKA was activated by the cell-permeable 8-Br-cAMP (20 M), and its effect on n ϭ 8 cells in both groups was quantified as the ratio of TRPV1 current responses before and after PKA activation. TRPV1 sensitization was 1.57 Ϯ 0.315-fold and 1.504 Ϯ 0.309-fold in the VSP-inactive and VSP-wt groups, respectively. Insets, The last 3 pH pulses on an enlarged scale.
DRG neurons. Because both these lipids may support channel activity, their combined reduction is quite likely to play an important role in channel desensitization. In accordance with this, dialysis of either PI(4,5)P 2 or PI(4)P reduced TRPV1 desensitization to a similar extent in sensory neurons. It is noteworthy that, even in the presence of PI(4)P or PI(4,5)P 2 in the patch pipette, there was substantial desensitization. This could potentially be the result of additional mechanisms, such as channel internalization (Sanz-Salvador et al., 2012) or activation of calcineurin (Docherty et al., 1996; Mohapatra and Nau, 2005) in desensitization. Internalization on this time scale is unlikely, however, because we found that supramaximal stimuli applied after desensitization induced TRPV1 current responses comparable to the amplitude of the first response (data not shown), in agreement with a recent study using a very similar protocol (Yao and Qin, 2009) . It is also possible that the lipids have a partial effect because their diffusion through the narrow patch pipette could not keep up with their hydrolysis.
The most Ca 2ϩ -sensitive classical PLC isoforms are PLC␦-s (Rebecchi and Pentyala, 2000) . We have shown earlier that coexpression of PLC␦ isoforms with TRPV1 (Lukacs et al., 2007) and TRPM8 (Rohacs et al., 2005) accelerated Ca 2ϩ -induced inhibition of the channel. We found that PLC␦4 was the dominant highly Ca 2ϩ -sensitive PLC isoform in DRG, even though there was a substantial expression of both PLC␦1 and ␦3 as well, consistent with earlier findings (Daniels et al., 2009) . To test the role of PLC␦s, we examined the desensitization kinetics of TRPV1 in PLC␦4 Ϫ/Ϫ mice and found that desensitization was significantly less than in wild-type mice. The difference between wild-type and PLC␦4 Ϫ/Ϫ , however, was moderate. This is not surprising in light of the expression of the other two PLC␦ isoforms; it is quite likely that their activity was sufficient to induce substantial desensitization. In addition, essentially all 13 PLC isoforms have some Ca 2ϩ sensitivity, albeit less than PLC␦s, (Rebecchi and Pentyala, 2000) ; thus, they may also contribute to PI(4,5)P 2 breakdown upon the massive Ca 2ϩ influx induced by capsaicin. Overall, the fact that desensitization was significantly altered in the PLC␦4 Ϫ/Ϫ animals suggests that PLC␦s play a role in the desensitization of TRPV1.
Bradykinin-induced sensitization
The role of PKC is very well established in sensitization of TRPV1 currents by GPCR activation (Cesare et al., 1999; Bhave et al., 2003) . The role of PI(4,5)P 2 depletion has been less straightforward. It was originally proposed that this lipid keeps TRPV1 under tonic inhibition, relief from which upon activation of PLC by bradykinin would play a major role in sensitization (Chuang et al., 2001) . The demonstration by several laboratories, including ours that PI(4,5)P 2 does not inhibit, but rather activates, TRPV1 in excised patches (Stein et al., 2006; Lukacs et al., 2007; Kim et al., 2008b) , seemed incompatible with this hypothesis. On the other hand, we also found that rapamycin-induced conversion of PI(4,5)P 2 to PI(4)P potentiated TRPV1 currents activated by low concentrations of capsaicin in HEK cells and in Xenopus oocytes, moderate heat in HEK cells (Lukacs et al., 2007) , and low pH in Xenopus oocytes (data not shown). Additionally, generating excess PI(4,5)P 2 by coexpression of a PIP5-kinase in Xenopus oocytes inhibited TRPV1 currents at low stimulation levels (Lukacs et al., 2007) . Here we used another tool, Dr-VSP, to convert PI(4,5)P 2 to PI(4)P and test the involvement of PI(4,5)P 2 in TRPV1 sensitization. Intriguingly, we could not evoke any reproducible potentiation of TRPV1 currents in HEK cells by depolarizing pulses alone. Depolarizing pulses in Dr-VSP-expressing cells, however, reliably potentiated the effect of submaximal activation of PKC by OAG. This points to a synergy between PKC stimulation and PI(4,5)P 2 reduction. Accordingly, dialysis of PI(4,5)P 2 or a PKC inhibitory peptide, but not PI(4)P, inhibited bradykinin-induced sensitization. What is the mechanism of the elusive inhibitory effect of PI(4,5)P 2 on TRPV1? Neither we nor other laboratories could detect inhibition by PI(4,5)P 2 in excised patches (Stein et al., 2006; Lukacs et al., 2007; Kim et al., 2008b) . The slow time course of the development of the potentiating effect in most experiments also suggests an indirect effect. It was proposed that phosphoinositides regulate TRPV1 via Pirt (Kim et al., 2008a) . Pirt, however, is specifically expressed in sensory neurons; thus, it is quite unlikely to be present either in HEK cells or Xenopus oocytes. A recent study, on the other hand, showed that PI(4,5)P 2 inhibits the purified TRPV1 in lipid vesicles, supporting a direct effect (Cao et al., 2013) . Deciphering the mechanism of the inhibitory effect of PI(4,5)P 2 on TRPV1 in the context of sensitization requires further studies.
Differential regulation of phosphoinositides by GPCRs and Ca
2؉ influx through TRPV1 Why is Ca 2ϩ influx through TRPV1 more effective than GPCR activation in depleting PI(4,5)P 2 , and why does only Ca 2ϩ influx Figure 10 . Model for the role of PLC activation in sensitization and desensitization of TRPV1. A, During maximal pharmacological activation of TRPV1, robust calcium influx activates highly calcium-sensitive PLC␦ isoform(s), leading to substantial decrease of both PI(4,5)P 2 and PI(4)P levels. This results in desensitization because channel activity generally depends on the presence of these lipids. The loss of phospholipids and the resultant decrease of TRPV1 activity dominate over the effect of a potential concomitant PKC activation. B, During bradykinin-mediated sensitization, a selective decrease in PI(4,5)P 2 , but not PI(4)P, allows for maintained TRPV1 activity, whereas the decreased PI(4,5)P 2 levels synergize with the sensitizing effect of PKC phosphorylation, resulting in TRPV1 current potentiation.
through TRPV1 deplete PI(4)P substantially? Answering this question will require further studies, but some possible scenarios merit discussion. First, it is quite likely that the two stimuli activate different PLC isoforms. Bradykinin acts via Gq/11 proteins and activates PLC␤-s (Tappe-Theodor et al., 2012), which are not activated by Ca 2ϩ alone in a cellular context (Rebecchi and Pentyala, 2000) . Ca 2ϩ influx through TRPV1, on the other hand, likely activates mainly PLC␦ isoforms. Generally, both PI(4,5)P 2 and PI(4)P are thought to be substrates of PLC. We are not aware of studies determining differences in phosphoinositide specificity among various isoforms, and it is possible that some display differences in selectivity between PI(4,5)P 2 and PI(4)P. It is also possible that the PLC isoforms activated by Ca 2ϩ influx have higher overall activity than PLC␤-s activated by bradykinin B2 receptors. Because PLCs generally prefer PI(4,5)P 2 over PI(4)P, a smaller extent of PLC activation by bradykinin could explain the differential change in response to GPCR stimulation. Consistent with this in rat DRG neurons bradykinin was found to evoke a moderate level of PLC activation (Liu et al., 2010) . Finally, it is also possible that GPCRs activate a diverging signaling pathway leading to secondary increase of PI(4)P synthesis.
In principle, activation of PLC by either GPCR-s or by Ca 2ϩ should evoke similar effects (i.e., hydrolysis of phosphoinositides, formation of IP 3 and DAG, and the consequential activation of PKC). As mentioned earlier, PKC has been studied extensively in the context of sensitization, but minimal attention has been paid to it in the context of desensitization. A recent study showed that PKC is indeed activated during capsaicin-induced TRPV1 opening, as expected from PLC activation (Xu et al., 2012) . In addition, capsaicin-induced desensitization could be reversed using very high concentrations of PMA (Mandadi et al., 2004) . Overall, it is quite likely that PKC is activated during desensitization, and it may partially inhibit or slow down desensitization, but its effect under these conditions is overridden by the massive loss of PI(4,5)P 2 and PI(4)P. Conversely, during GPCR activation, the effect of PKC-mediated sensitization dominates, as the changes in phosphoinositide levels synergize with it in two different ways: (1) relatively constant PI(4)P levels play a permissive role in maintaining channel activity; and (2) the decrease in PI(4,5)P 2 levels potentiates the sensitizing effect of PKC activation. PI(4,5)P 2 regulates a large number and variety of mammalian ion channels; how signaling specificity is achieved is not clear. Plasma membrane PI(4)P has long been considered merely as the precursor of PI(4,5)P 2 . Its role as a separate, biologically important entity in the plasma membrane has just been recently proposed (Hammond et al., 2012) . PI(4,5)P 2 -sensitive ion channels show marked differences in lipid specificity; some, such as TRPV1 and K ATP (Shyng and Nichols, 1998) , are also activated by PI(4)P. Other channels, such as TRPM8 (Rohacs et al., 2005) , TRPV6 (Thyagarajan et al., 2008) , and Kir2.1 (Rohacs et al., 1999) , are not. Given these differences, differential regulation of PI(4,5)P 2 and PI(4)P may also contribute to signaling specificity in regulation of other ion channels and thus be a more general signaling paradigm.
